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The quantum spin Hall (QSH) effect, characterized by
topologically protected spin-polarized edge states, was re-
cently demonstrated in monolayers of the transition metal
dichalcogenide (TMD) WTe,. However, the robustness of
this topological protection remains largely unexplored in
van der Waals heterostructures containing one or more
layers of a QSH insulator. In this work, we use scan-
ning tunneling microscopy and spectroscopy (STM/STS)
to explore the topological nature of twisted bilayer (tBL)
WTe- which is produced from folded monolayers, as well
as, tear-and-stack fabrication. At the tBL bilayer edge, we
observe the characteristic spectroscopic signature of the
QSH edge state that is absent in topologically trivial as-
grown bilayer. For small twist angles, a rectangular moiré
pattern develops, which results in local modifications of
the band structure. Using first principles calculations, we
quantify the interactions in tBL WTe, and its topological
edge states as function of interlayer distance and conclude
that it is possible to tune the topology of WTe, bilayers via
the twist angle as well as interlayer interactions.

The variety of layered two-dimensional (2D) materials
available for isolation and fabrication into van der Waals het-
erostructures provides almost endless combinations for device
engineering [1]. 1T’-TMDs have attracted recent attention
among the layered materials following the prediction of the
QSH edge state in the monolayer (ML) limit [2]. In particu-
lar, WTeq has been of great interest due to its realization of
multiple exotic physical phenomena depending on its thick-
ness. Monolayer WTes has been reported to exhibit the pre-
dicted QSH effect, which persists up to 100 K [3H6]]. WTeq
monolayers further host a superconducting phase below ~ 1
K when electrostatically gated into the conduction band [[7,[8]].
Bilayer (BL) WTe, on the other hand is predicted to be a topo-
logically trivial semi-metal [9] which has also been shown to
exhibit ferroelectric switching when a surface normal electric
field is applied [10]. In the bulk limit, WTey, was reported
to be a type-II Weyl semi-metal and higher order topological
insulator with 1D hinge states [[L1, [12]. The high degree of
layer tunability in WTe, makes it an attractive candidate for

integration in van der Waals heterostructures, e.g. to realize
one-dimensional topological superconductivity [13]. How-
ever, there are open questions, such as the effect of coupling to
neighboring layers on the topological properties, which have
to be thoroughly understood for applications of the topologi-
cal edge states in electronic devices.

Recently, the interactions between rotationally misaligned
layers of 2D materials have attracted attention as hosts of
a variety of interesting highly-correlated phenomena such
as insulating states, superconductivity, and unique topolog-
ical phases [14H19]. While most studies of twisted bilay-
ers seek to achieve highly-correlated states through a moiré
pattern in which flat bands emerge in the electronic structure
[14) 1150 17, [19422]], here we focus on the effects of interlayer
coupling on the already present QSH edge state in ML WTes.
We find that for incommensurately stacked twisted bilayer
WTe,, both layers retain their topology, which results in two
sets of QSH edge states sitting on top of each other. We ex-
perimentally study the edge states and interlayer coupling for
multiple twist angles and rationalize our results based on first-
principles calculations, demonstrating the robust topological
protection of the QSH edge state predicted in the literature
[23]]. In contrast to twisted bilayers, we do not observe an
edge state feature at the topologically trivial as-grown bilayer
WTe, edge. The topologically trivial nature of bilayer WTeq
is supported by our observation of a QSH edge state in mono-
layer WTe- at a monolayer-bilayer junction.

To explore the QSH edge state in exfoliated WTes, we
study WTea/MoS, heterostructures (Fig. [Ip). Samples are
fabricated using a recently developed dry-transfer flip tech-
nique that allows the stacking of van der Waals materials while
maintaining atomically clean surfaces and interfaces (for de-
tails see Materials and Methods, section S1 and Ref. [13)).
MoS:s is used as a substrate flake to provide an atomically flat
support for the WTe,. The typical signature of the WTes QSH
edge state in the energy range (—0.5V < Viample S 0V) is
located in the MoS» band gap, so that substrate effects can be
excluded when analyzing the edge state spectra. In addition,
we can tunnel into the MoS5 conduction band at a sample bias
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FIG. 1. Twisted bilayer WTe2/MoS: heterostructure. (a) Schematic of the tunneling experiment. (b) Large area scan (200 nm) of a WTe»
monolayer with a folded edge on a MoS» substrate flake. Inset: Height profile across the folded WTe> bilayer showing layer thicknesses
corresponding to single layer step heights of WTes, indicating atomically clean interfaces. The relative rotational misalignment of the WTe-
atomic rows in the two regions is evident in the detail image (gradient image shown), realizing a WTe, twisted bilayer (tBL). The fold axis
f is parallel to the resulting WTe2-MoS step edge. (¢) Atomic model of the WTe; unit cell and atomically resolved images from which we
determine the lattice misorientation between the two WTez layers to be ¢ = 66° (tunneling parameters Veample = —0.4V, Iy = 20 pA).
|@| = 3.48 A and |I_;| = 6.28 A. (d) Tunneling spectroscopy on the two WTes regions reveal almost identical electronic structure, while the
MoS. substrate flake shows a band gap around the Fermi energy with the conduction band edge located at ~ 0.5eV.

of Viample 2 0.5V, allowing us to safely scan over the edge
of the WTe, flakes.

In large area scans of the heterostructures, we find ran-
dom folds along the edge of the WTe, monolayer (Fig. [Ib).
Such folds occur by coincidence during the exfoliation and
dry-transfer and are usually undesired, e.g. for fabrication of
transport devices. However, the fold offers a unique oppor-
tunity to study the interaction between the QSH edge states,
which are naturally located right on top of one another along
the fold. A profile across the folded region shows a ML step
height of ~ 7.5A, i.e. slightly larger than for WTe; mono-
layers on graphene or NbSes [4} [13]] which we attribute to the
electronic contrast between the respective substrate materials
and the WTes. The step height from the first to the second
WTe, layers is also ~ 7.5 A, which slightly deviates from
the as-grown bilayer step height (~ 7.1 A [13, 24]). This de-

viation can be explained by the incommensurate stacking of
the rotationally misaligned layers, resulting in a larger inter-
layer separation. We note that the folding of the WTey mono-
layer, due to its resemblance of a screw transformation, in
combination with the monolayer 1T’ crystal screw symmetry,
Coq = t(@/2)C4, [9], results in a bilayer that is identical to
two monolayers stacked on top of each other with a twist an-
gle ¢, which is determined by the orientation of the fold with
respect to the lattice vectors (see section S2). Using atomic
resolution images of the ML and folded region (Fig. [Tk), we
determine the relative twist angle between the two layers to
be ¢ = |cos™! (amr - GiprL) | = 66° = [2cos™H(f - amL)l,
where f is the fold axis orientation. For reference, as-grown
bilayer WTes corresponds to ¢ = 180° by this definition. As
a result of the large twist angle, we do not observe a pro-
nounced moiré pattern and spectra taken on the folded region
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FIG. 2. Observation of edge states in twisted bilayer WTe. (a) Tunneling conductance across the ML WTe step edge. The location of the
topographic edge (z = O nm) is extracted using a systematic edge detection scheme (see text). Right of the edge, the flat terrace of the WTe-
monolayer is measured. Here, the QSH edge state consistently appears as an enhanced density of states below the Fermi energy and decays
into the monolayer. The decay length is in agreement with the the literature value of ~ 1.2nm (indicated by a dotted line). In the region to
the left of the edge, between —1.5nm < x < 0 nm, the topography deviates from the flat terrace and the measured signal can be affected by
edge reconstructions and artifacts due to the finite size of the STM tip. This ‘transition region’ (overlaid in grey) is therefore excluded from
the analysis. (b) Tunneling conductance across the ML-tBL step edge showing the presence of an edge state on top of the tBL terrace. Dashed
and dotted lines defined as in (a). (c) Tunneling conductance across the tBL-MoS5 step edge similarly showing the presence of an edge state
on the tBL. (d-f) Tunneling spectra extracted from (a-c), averaged over the spatial extent of the indicated edge state regions, and far away from
the edges, respectively. The y-axis scale is identical for (d-f). (g) Schematic of the topological edge states in a rotationally misaligned WTe-

homobilayer, reflecting our observations.

are almost identical to that of monolayer WTe,, indicating de-
coupled layers (Fig. [Td). This observation implies that there
should be two independent sets of QSH edge states, one in
each layer, which we explore in the following.

First, we examine the ML WTe, edge (Fig. [Zh), where we
find the typical spectroscopic signature of the QSH edge state,
in the form of an enhanced density of states below Er, in
agreement with the literature [4} 13, 24]]. The QSH edge state
is observed on the flat terrace next to the onset of the topo-
graphic step edge, which distinguishes it from edge effects,
such as edge reconstructions, and tip artifacts that can occur
in the transition region due to the finite tip size. =~ We sys-
tematically identify the positions of the topographic edges —
namely, © = O nm and the extension of the transition regions
in Figs. Za,b,c and Bf,d — as the points where the topography

gradient reaches a threshold value of dz/dx = 4+1.5A /nm
(see section S6 for details). Using this detection scheme, we
find that the spatial extent of the QSH edge state on the ML
WTe, terrace is ~ 1.2 nm, in agreement with that observed in
WTe; on graphene [4] and on NbSe, and similar to what
has been predicted theoretically [25].

Turning now to the ML-tBL edge, we observe a similarly
enhanced density of states, which again extends ~ 1.2nm
from the step edge (Fig. [2b), indicating the presence of an
edge state in the upper WTey layer, since STM is sensitive
almost exclusively to the topmost layer. Furthermore, we ob-
serve the same increase in density of states at the edge along
the fold, where the tBL steps down to the MoS, (Fig. [2k),
again with the same lateral extension. Along this edge the
two sets of QSH edge states sit on top of each other, which
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(a) Large area scan of an exfoliated as-grown WTes bilayer connected to

the monolayer. (b) Atomic resolution scan and gradient of the ML-BL junction showing parallel atomic rows. The top layer is expected to be
continuous as a result of the sample fabrication technique (inset: schematic of the top layer draped over the second layer underneath). (c, d, e)
Tunneling conductance measured across the ML-BL edge (c) and BL-MoS: edge (d) showing no signature of an edge state on the BL terrace.
However, we observe an increase in the density of states in the transition region between the ML and BL which is identical to the signature of
the QSH state shown in Fig. 2a. The tunneling spectra in (e) are extracted from (c) and (d), averaged over the spatial extent of the indicated
edge state region, and far away from the edges, respectively. (f) Schematic of the QSH edge state in a WTe2 ML-BL junction.

is in contrast to interior edges for which the QSH edge states
can only interact with the (gapped) underlying bulk. Compar-
ing individual spectra extracted from the conductance maps
(Fig. 2d-f), it is evident that the spectra far away from the
edge of the ML WTey and the tBL. WTe,, are very similar over
this energy range. In addition, the spectra at the edges of the
ML and tBL WTe- all show a very similar enhanced density
of states below Ey, which is consistent with the typical sig-
nature of the QSH edge state. We conclude that the individ-
ual layers are decoupled, each with their own QSH edge state
(Fig. [2k). As a result of the weak coupling, we expect that
inter-layer scattering vanishes. Furthermore, due to the mono-
layer screw symmetry, the orientation of the spin-momentum
locking is identical in both layers in the absence of symmetry
breaking fields [23, 26]. In combination with the prohibited
intra-layer backscattering, this suggests strong protection of
the QSH edge states at the folded tBL WTey edge (see also
Fig. S6).

Next, we explore a step edge between a WTe, monolayer
and an as-grown topologically trivial bilayer (Fig. [3h, b). In
the present sample, the top WTe, layer of the as-grown bilayer
is continuous and draped over the second layer underneath due
to the flipping of the sample during fabrication. With multiple
iterations of very carefully prepared sharp tips, we are able
to resolve the draped monolayer free from significant tip arti-
facts and measure the tunneling conductance across the ML-
BL junction (Fig. Bk and section S7). We find that there is a

clear increase in the density of states in the WTes monolayer
just before the bilayer, again with an extension of ~ 1.2 nm.
The shape of this feature (Fig. [3k) shows remarkable agree-
ment to that observed at the monolayer WTeo/MoS, edge in
Fig. 2d. We therefore conclude that the spectroscopic feature
at the ML-BL junction is the manifestation of the QSH edge
state between the topological WTes monolayer and the topo-
logically trivial WTe, bilayer (Fig. Bf). This finding verifies
that there is a significant interlayer interaction in aligned, as-
grown bilayer WTeo, which is in contrast to the above stud-
ied twisted bilayers. Such an interlayer-interaction-induced
change in topology between the monolayer and bilayer is in
agreement with WTes undergoing another topological phase
transition at higher layer number, possibly to a higher-order
topological insulator [12]. The corresponding edge states of
bulk WTey have an electronic structure [27] that is distinctly
different from the edge states observed in ML and tBL WTe,,
indicating that these are in fact different topological states.

In order to analyze the effect of inter-layer interactions in
greater detail, we further study a tBL sample which we fabri-
cate using a modified tear-and-stack technique (for details see
Materials and Methods and section S8). The tear-and-stack
sample fabrication allows us to directly control the twist an-
gle, and therefore manifest a moiré pattern in which the inter-
layer coupling is expected to be modulated across the moiré
unit cell [22]. The resulting long-range moiré pattern has a
rectangular unit cell and periodicity of ~ 6.5 nm (Fig. @, b).



The corresponding twist angle is ¢ ~ 5.5° following the same
angle definition as with the folded bilayer, which we also di-
rectly confirm at the tBL edge (Fig. S11). Resulting from the
different stacking of W atoms, we observe two different corru-
gation maxima in the moiré unit cell, where the A-site W atom
in one layer vertically aligns with the A- or B-site W atom of
the other layer, i.e. AA- or AB-stacking, respectively. Due to
the rectangular shape of the moiré unit cell, the AA-stacked
sites form a distinct quasi-one-dimensional pattern, which has
been proposed to result in an array of 1D Luttinger liquids at
low energy [28].

Tunneling spectra recorded in different positions of the
moiré unit cell (Fig. @) show distinctly different spectral fea-
tures. In AA-stacked positions, the conduction band peak at
0.5 eV shows a significant splitting, while spectra taken in AB
sites show a stronger hybridization in the valence bands when
compared to ML WTes. Spectra taken at C stacked locations
in the moiré unit cell show similarity to that of the as-grown
bilayer, with a valence band feature at ~ —0.3eV. Interest-
ingly, this observation roughly coincides with the arrangement
of W atoms in this location of the tBL moiré unit cell being
similar to that of the as-grown bilayer, despite the C-stacked
WTe; having ~ 0° twist compared to the as-grown bilayer’s
180° (see section S8 and Fig. S12). Since this position also
is the minimum of the moiré corrugation, we expect the hy-
bridization of the two layers to be the strongest throughout
the moiré unit cell. In combination, we attribute the distinct
changes of the local electronic structure to the different inter-
layer interactions, which are the result of the local stacking
geometry.

To understand the influence of interlayer distance and
stacking on the electronic and topological properties of the
WTe; bilayers, we performed density functional theory (DFT)
calculations of a WTey monolayer, trivial bilayer (¢ = 180°),
as well as a bilayer with ¢ = 0°, most closely resembling
our experiments on small twist angle tBLs. In general, we
find that weakly coupled WTe, bilayers can be regarded as
two decoupled monolayers, each retaining the electronic char-
acter of a WTeo monolayer, i.e. the QSH state (Zo = 1).
When bringing the layers closer together, they begin to inter-
act and hybridize, leading to a global trivial topology, Zy = 0,
in agreement with our experiments and earlier studies [9]. The
resulting charge transfer between the layers further leads to an
increasing shift of their edge states with respect to each other
(Fig. [5). We further investigate the effect of the subtle struc-
tural differences between the 1T and the 1T, phase on our
calculations (see section S9) and find that the electronic and
topological properties are strongly dependent on the stacking
geometry owing to their different symmetries and interlayer
spacings, which result in different amounts of charge trans-
fer between the layers (Figs. S21 and S22). Interestingly, as
we bring the bilayers very close together (d ~ 7.25 A in AA
stacking), our calculations predict another topological transi-
tion back to Zg = 1 for the T4 phase (section S9 and Fig. S17).
This interlayer distance is however significantly smaller than
the d ~ 8A realized in the AA location of our ¢ = 5.5°
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FIG. 4. Tear-and-stack twisted bilayer WTe,. (a) Large scale

topography of the moiré pattern with periodicity corresponding to
¢ = 5.5° (Veample = —2V, It = 20 pA). (b) Height profile of
the moiré pattern along the dashed line in (a). (¢) Tunneling con-
ductance of the tear-and-stack tBL WTes, in AA and AB-stacked
regions of the moiré unit cell. While on the AA site, the conduction
band peak is split (blue arrows), on the AB site, the valence band
edge is broadened (red arrow), indicating distinct electronic proper-
ties within the moiré unit cell. The corresponding spectrum shows
an increase in the valence band intensity at £ — Fr = —0.3eV
(green arrow) while the conduction band is mostly unchanged. This
observation is in agreement with the as-grown WTey spectra shown
in Fig. 4. Inset: Atomic resolution topography with the moiré unit
cell indicated in white (Viample = —1V, Iy = 55 pA).

sample.

In summary, we conclude that it is possible to tune the
topology of WTe,, bilayers via their twist angle and interlayer
interactions. The discovered twist angle-dependent charge-
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FIG. 5. Dependence of tear-and-stack bilayer edge states on in-
terlayer spacing. (a)-(d) Band structure of a ¢ = 0° T" bilayer
at interlayer distances of d = 6.5A to d = 8.0A. As the layers
are moved further apart from each other, their QSH edge states be-
come increasingly closer in energy due to a reducing charge transfer
between the layers. When the layers are completely decoupled, the
edge states are identical to that of WTeo ML. Black and white dashed
lines in the left half of each panel indicate the edge states in each of
the two layers, respectively. Arrows indicate the respective Dirac
points.

transfer further makes tBL. WTeq a suitable system to probe
the QSH edge-states of twisted bilayers in transport measure-
ment since bulk conduction can be suppressed to not obscure
the edge state transport.

MATERIALS AND METHODS
Sample preparation

WTe; and MoS; were exfoliated onto 285 nm Si05/Si sub-
strates. Cleaving WTe, crystals produces flakes which have
a high probability of producing edges that are aligned with
one of the two crystal axes. We picked up a (20 & 1) nm-
thick MoS,, flake with a PPC/PDMS stamp and subsequently
a WTe, flake containing mono- and bilayer regions. After
the WTes pickup, the heterostructure was flipped upside down
and placed onto a gold lead on an SiOy substrate which was
pre-mounted and contacted to an STM sample plate. The tear-
and-stack sample was fabricated in the same way, except that
two pick-ups of the WTe, took place with a slight rotation

of the substrate after the first pickup. The exfoliation and
stacking took place in a nitrogen-filled glovebox, from which
the samples were transferred into a high vacuum tube furnace
to remove the PPC by annealing at 250°C for 8h. Subse-
quently, the samples are transferred into the STM ultra-high
vacuum chamber where a final anneal at 250°C for ~10 min
(p < 1x10~8mbar) was performed, all sample transfers
took place in nitrogen atmosphere.

STM measurements

STM measurements are performed using a commercial
CreaTec setup with a sample stage temperature of 4.7 K.
Electrochemically-etched tungsten tips were indented and
checked for a clean spectrum on the gold leads prior and in
between measurements. The measurements throughout the
manuscript have been performed with multiple iterations of
freshly prepared tip apices to exclude tip artifacts. dI/dV
measurements were performed using a lock-in amplifier set
to a frequency of f = 869Hz, at stabilization setpoint
Visample = 500mV, Iy = 50 pA and with a modulation am-
plitude V04 = 10 mV, except for Fig. 1d and 4c, for which
we used Vsample = 1V, Iy = 100 pA, with a modulation am-
plitude V04 = 20mV
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FOLDED BILAYER SAMPLE

Data shown in Figs. 1 and 2 of the main text was taken in different regions of the same WTe2/MoSs heterostructure (sample
#1). This heterostructure was fabricated using the dry-transfer flip technique reported in Ref. [S1]]. Flakes are exfoliated from
bulk MoSs and WTes, which was characterized to be in the 1T’ phase, onto 285 nm SiOs. After exfoliation, the MoSs flake is
picked up with a PPC/PDMS stamp, followed by the WTes flake. Subsequently, the heterostructure is flipped upside down and
then placed on a Cr/Pd/Au lead which was pre-evaporated on SiO, using optical lithography and is connected to a contact of the
STM sample plate. The sample is then transferred to a vacuum annealer (p < 1 x 10~° mbar) and annealed over night. From
there, the sample is transferred back to the glovebox to take optical images and then to the STM chamber. For all transfers, the
sample is always in a nitrogen atmosphere and never exposed to air. The sample fabrication took less than 24 h starting from
exfoliation in the nitrogen-filled glove box (O2, HoO < 5 ppm). In our experience, the MoSs thickness has to be < 100 nm in
order to be able to tunnel on it at ~ 4 K, because otherwise it is too insulating. Optical images of the exfoliated WTe, flake on
285 nm SiO; and of the assembled heterostructure are shown in Fig. [ST]

a) b)

N

FIG. S1. Optical microscope images of sample. (a) Exfoliated WTe; flake. (b) Assembled WTe2/MoS3 heterostructure on Au electrode after
overnight annealing.

CRYSTAL SYMMETRY AND FOLDED/TWISTED BILAYER COMPARISON

IT’-WTe; has a screw-axis symmetry along the a-axis, i.e. C,. The screw transformation is demonstrated stepwise in Fig.
Rotation about the a-axis by 180° and a translation by half a unit cell along the a-axis returns the original unit cell. The
screw operation resembles a fold, as in the folded bilayers presented in the main text. As a result of the symmetry, a folded layer
bilayer can be considered equivalent to a twisted bilayer, as demonstrated in Fig. Folding along an arbitrary axis f (le. a
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FIG. S2. Depiction of the Ca, symmetry of 1T’-WTe,. Top and side views of the crystal structure, with the top (bottom) layer Te atoms in
blue (red). (a) Monolayer unit cell vectors denoted in red, with mirror plane symmetry across the b-c plane denoted as Mj,. There is no mirror
symmetry across the a-c plane (M,). The original structure is recovered after a rotation of 180° about the indicated a-axis (panel (b)) and a
translation by half a unit cell along the same axis (panel (c)). The original unit cell is shown with reduced opacity in b and c.

¢
a

180° rotation about that axis, as shown in Fig. [S3b) results in a rotation ¢ between the folded unit cell vectors and the original
unit cell vectors. Similarly, by just rotating about the c-axis (as in Fig. [S3k), the same twist angle ¢ can be obtained. It follows
that the two scenarios are equivalent, modulo an arbitrary lateral translation (Fig. [S3d).

SUMMARY OF TUNNELING SPECTRA

Tunneling spectra in the range 1V acquired on the different regions of the WTe; flake of sample #1 are shown in Fig. [S4]
In as-grown bilayer WTe,, the hybridization of the two layers leads to a semi-metallic state which is evident in the spectra as an
increased density of states especially on the valence band side. This increase is mostly absent in the folded bilayers.

ADDITIONAL FOLDED BILAYERS

We have analyzed another folded region of sample #1 which has two domains, separated by a lateral domain boundary (Fig.
@). From atomic resolution scans of the two different domains (Fig. |§_3l) and ¢), we find that ¢ = 241° and ¢ = 2°,
respectively. Tunneling conductance measurements across the edge of the two additional tBL regions (Fig. [S3d and e) show
similar results as in Fig. 2 of the main text. While unsurprising for the large twist angle of ¢ = 241°, for ¢ = 2° it is somewhat
suprising that the electronic structure in this domain still represents that of a decoupled monolayer (for spectra in &1V range
see Fig. [S4), as in other tBL TMDs or graphene, highly correlated phenomena are reported at similar twist angles [S2,[S3]. We
explain this observation by the fact that an important aspect of the correlated phenomena in magic-angle bilayers are flat bands
which are formed due to the periodicity of the resulting moiré pattern. However, for ¢ = 2° we estimate the WTe, moiré pattern
periodicity to be L ~ b/+/e? + ¢? = 18 nm, where b = 0.628 nm and the lattice mismatch e = 0, i.e. comparable to the size of
the entire domain. We therefore conclude that moiré effects do not play a role in this domain despite the small twist angle. We
have further performed tunneling conductance measurements across the lateral domain boundary which agree well with domain
boundaries in epitaxially grown 1T’-WSes monolayers [S4] as discussed below.
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FIG. S3. (a) Monolayer 1T°-WTes, with lattice vector b noted. Coloring of the Te atoms are the same as in Fig. (b) Rotation operation

about an arbitrary axis f, representing a fold like what occurs in our STM samples. The dashed blue arrows track the positions of the W atoms
with the fold operation. The orange vector is the b-axis of the new folded unit cell. The original unit cell is shown with reduced opacity for
comparison, along with the original b-axis of the ML unit cell. A twist angle ¢ is created. (c) Rotation about the central metal atom by the
same angle ¢ as in b. (d) The folded (from panel b) and twisted (from panel c) layers, overlaid on the original ML unit cell. The folded and
twisted cases are equivalent, modulo a translation depicted by the green arrows.

TOPOLOGICALLY TRIVIAL DOMAIN BOUNDARY STATE

Figure[S6h shows a zoom into the domain boundary on the folded WTe, layer shown in Fig. [S6 The relative crystallographic
orientation between the two domains corresponds to 120° (= 360° — (241° — 2°)) withing measurement error (Fig. [S6p). While
the observation of domain boundaries in exfoliated flakes is rare in our experience, the 120° domain boundary was reported in
epitaxially grown 1T’-WSe, as the most common configuration [[S4]. While detailed measurements at the domain boundary
are difficult because of its irregular shape and many defects along the boundary, Fig. [S6b shows a tunneling conductance
measurement across the domain boundary in which we observe an increased density of states at the position of the domain
boundary, similar to that of the QSH edge state feature. This observation is in agreement with the presence of two instances of
counter-propagating QSH edge states, one on each side of the domain boundary. However, in this configuration backscattering
from one QSH channel into the other is possible (Fig. [S6F) and the channels hybridize. This is in contrast to the configuration
of two QSH edge states sitting on top of each other in the folded bilayers as shown Fig. 2 of the main text. The observation of
counter-propagating QSH states at the domain boundary supports our conclusion that both, the ¢ = 241° and ¢ = 2° domain,
are topologically non-trivial. These observations are consistent with previous work on domain boundary states in epitaxially
grown 1T°-WSe, [S4].

EDGE DETECTION SCHEME

To identify the positions of the topographic edges, we use an edge detection scheme based on the topography gradient.
We apply this scheme to each edge separately, but using the same criteria to achieve an edge detection that does not require
subjective inputs for each data set. To detect the edge positions, we determine a threshold for the topography gradient of
dz/dx = 1.5 A /nm after applying a moving average filter to achieve a robust detection. Approaching an edge, the position of
the edge is determined as the position where dz/dz reaches this threshold. Figs. [S7|and|S8|show the edge detection for the data
sets analyzed in the main paper as well as Fig. [S3] with the respective threshold values indicated as horizontal dotted lines, as
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FIG. S4. Summary of tunneling spectra acquired on the different regions of the folded WTe, sample.
well as the corresponding dI/dV signal at E — Ep = —300 meV.

EXCLUSION OF TIP ARTIFACTS AT ML-BL JUNCTION

To confirm the measurement of the continuous WTes layer draped over a second layer below without artifacts, we carefully
analyze the lateral position of the atomic rows across the step edge (Fig. [S9a). We find that the transition region corresponds
to three WTey unit cells which corresponds to a length of s = 3b = 1.88 nm. In combination with the observed step height of
h = 7.1 A, this allows us to estimate the width of the transition region to be v/s2 — hZ = 1.74nm (Fig. ). While this value
is slightly greater than the experimentally observed transition region (w = 1.4 nm) we attribute this difference to the ’s’ shape of
the transition region which results in a smaller lateral extension compared to our simple model. However, more importantly, we
take the fact that the observed transition region is less extended than the estimated size as evidence that there are no significant
tip artifacts due to a blunt tip, as this would extend the transition region. Furthermore, we observe a small modulation of the
profile throughout the transition region which corresponds to the expected atomic rows, also supporting the absence of any
significant tip artifacts in this measurement. We note that while there are dangling bonds at the ML-BL junction, they are located
underneath the ML and therefore not expected to significantly contribute to the measured tunneling conductance in the top layer
of the the ML-BL transition region.

TEAR-AND-STACK BILAYER SAMPLE

The tear-and-stack tBL WTe, heterostructure (sample #2) was fabricated utilizing an MoSs, substrate flake by first picking up
only a portion of the WTe, flake. The substrate + ML WTes portion was then translated laterally, rotated by a small angle, and
aligned to the remaining ML WTe; resulting in a overlap region of about 500 nm width. The height difference between the two
layers is estimated at the edge of the tBL region to be 7.45 A on average (Fig. ). At the same edge, we observe an edge state
similar to that of a WTeo, ML and the folded bilayer sample. Atomic resolution images from the ML WTes region indicate that
the twist angle is about ¢ ~ 5.5°. Since the moiré wavelength is not isotropic, we must consider what interference gives rise
to the moiré pattern, and keep in mind directionality. The direction of the moiré wavelength L can be understood in the context
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FIG. S5. Observation of edge states for additional tBL twist angles. (a) Large area scan of an additional folded WTe2 monolayer region
with a domain boundary (indicated by dashed line, see Supplementary Section 3 for details). (b, ¢) Atomically resolved scans on the two tBL
WTe; regions indicate a rotational misalignment relative to the monolayer of 241° and 2°, respectively. (d, e) Tunneling conductance across
the tBL-ML WTes step edge in the two different regions indicates the presence of an edge state for both tBL regions. Dashed black lines and
greyed-out region indicate the same ~ 1.2 nm spatial extent of the QSH edge state and tip/edge artifact region, respectively, as in Fig. 2 of the
main text.
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FIG. S6. Topologically trivial domain boundary states. (a) Zoomed in topography of the domain boundary in Fig. 3 of the main text. (b)
Tunneling conductance across the domain boundary, along the arrow indicated in (a) showing the presence of a boundary state. (c) Schematic
of the counter-propagating QSH edge states at the domain boundary. Due to the relative orientation of the QSH edge states along the domain
boundary, backscattering is possible. (d) Schematic of the two sets of QSH edge states sitting on top of each other at the tBL-MoS, edge
shown in the main text, i.e. along the edge where the fold occured. Spin-momentum locking of the edge states in combination with the WTe,
monolayer symmetry and weak interlayer coupling suppress intra- and inter-layer backscattering.

of a beat frequency in real space, formed due to the difference of wavevectors k= Ky — Ez Considering the long-axis of the
ML WTe; unit cell as an example (i.e. the real space lattice vector b= bb), we find that for a small twist angle ¢, the difference
in wave vectors gives k = 2mb[a — (cos(¢)a + sin(¢)b)]. For small angles, this is k¥ ~ —2mbb such that the direction of L
associated with the long-axis moiré pattern is along the a direction. The same logic can be applied to the smaller axis (a-axis)
of the rectangular ML WTe, unit cell. Therefore, one would expect that there should be a moiré pattern perpendicular to the
long axis of the ML WTey unit cell of wavelength mod Eb = b/¢ and a shorter moiré pattern perpendicular to the short of
axis of the WTes unit cell of wavelength mod I_:a = a/¢. The moiré wavelengths are found to be mod Eb = 6.8+ 0.5 nm
and mod L, = 3.5 4 0.3 nm, and the directionality can be seen to align well with our prediction that the long (short) moiré



13

ML/tBL edge tBL edge
E E E
c c c
< < <
3 3 3
8 8 g
_ _ | | _ P |
g s 4 | | s P |
8 8 | 1 8 o 1
3 3 |
N N I 1 N P 1
§ § 2 I l § 2 3 1
3 | 3 3 ; | |
o o 1 (= 1 |
2 | S 1 S o
0 | . . ol I | . . 0 — ; .
-4 -2 0 2 4 -4 -2 0 2 4 -4 -2 0 2 4
x (nm) x (nm) x (nm)

FIG. S7. Edge detection for Fig. 2 of the main text. (Top row) Topography gradient with the threshold for edge detection dz/dxz = 1.5 A /nm
indicated as horizontal lines indicate. Dashed vertical lines indicated the resulting detected edge positions. (Bottom row) Corresponding
dI/dV signal across the step edge, i.e. cross sections of the dI/dV maps at E — Er = —300meV in the corresponding figures. Thin dotted
vertical lines indicate the extension of the edge state from the edge according to the literature value of 1.2 nm.
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FIG. S8. Edge detection for tBL edges for (a) Fig. S3d, (b) Fig. S3e, (c) Fig. 3d of the main text. (Top row) Topography gradient with
the threshold for edge detection dz/dx = 1.5A/nm indicated as horizontal lines indicate. Dashed vertical lines indicated the resulting
detected edge positions. (Bottom row) Corresponding dI/dV signal across the step edge, i.e. cross sections of the dI /dV maps at E — Ep =
—300meV in the corresponding figures. Thin dotted vertical lines indicate the extension of the edge state from the edge according to the
literature value of 1.2 nm.

wavelength is perpendicular to the long (short) axis of the WTe, unit cell (main text, Fig. 5). The angle determined from the
moiré wavelengths are then ¢ = 5.3° and ¢ = 5.5°, respectively, in excellent agreement with the atomic resolution images.

To understand the moiré domains, it is helpful to consider only the metal atoms of the ML WTes unit cell and that the
two layers are rigid lattices (i.e. no relaxation effects [S3]]). This is likely a good approximation since the twist angle is
relatively large and relaxation effects are not expected to play a significant role. Schematics of a few high-symmetry points
in the moiré pattern between the rotated rigid lattices are shown in Fig. [SI2h. When AA-stacked, all of the W atoms line
up, while AB stacking results in one of the W atoms from the top layers covering the other W atom from the bottom layer
(and vice versa for BA stacking). A diagram of the moiré pattern formed from the two layers is shown in Fig. [SI2p. In
this picture, AB and BA stacked regions are very close together in the center of the rectangular moiré unit cell, which
might explain why there are not separate domains in STM topography, as evident in Fig. 4 of the main text. The absolute
corrugation maxima are likely associated with AA stacking and the second corrugation maxima are associated with the AB
and BA stackings. Without relaxation, any topological or spectral differences must be associated with local stacking registries
and some small height difference effects due to energetically preferred interlayer distances. A comparison of the tunneling
spectra acquired in the different moiré registries is shown in Fig. [ST3] The tear-and-stack fabrication method of this sample
caused a relatively discorded edge, limiting the high-quality spectral analysis across the edge state. We include an example
line spectra across the edge, indicating a spectral feature similar to the QSH edge state reported in the main text. While
overall consistent with our interpretations in the main text, it is difficult to conclude the influence of moiré pattern on the QSH
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FIG. S9. Exclusion of tip artifacts at ML-BL junction. (a) Profile across the ML-BL junction. The dashed lines indicate the transition
region corresponding to Fig. 4 in the main text. Orange lines indicate the spacing of atomic rows on the each terrace. Dashed lines indicate
the transition region which consists of three WTez unit cells. (b) Geometric model of the monolayer draping over the layer below. For
s =3b=1.88nm and h = 0.71 nm, it results w = 1.74 nm.

FIG. S10. Optical images of tBL sample fabrication (a) Optical image of ML WTe, flake. (b) Picking up half of the WTe, flake with a
MoS;, flake (seen through PPC/PDMS stamp). (c) After the first pickup, half of the WTe- flake is left on the substrate. (d) After slight rotation
of the transfer stamp, the other half of the WTe, flake is picked up. (e) Optical image of the heterostructure after flipping, put-down onto a
pre-evaporated gold lead and vacuum annealing.

state due to lack of theoretical predictions as function of twist angle and requirement of higher-quality and smaller-angle devices.

DFT CALCULATIONS

DFT calculations were performed using the VASP PAW potentials [S6, [S7], and van der Waals (vdW) functional opt86b
[S81[SY], an energy cut off of 260 eV and a dense T" centered 12x10x 1 k-mesh. For our structures, we consider the monolayer
and bilayer configurations in the T* (Fig. [ST4) and T, (Fig. [SI3) phases. In all calculations, the lattice parameters for the
monolayer and bilayer structures were set at a = 3.421 A and b = 6.236 A. In our notation, the T, phase corresponds to an
orthorhombic spacegroup Pmn2, (space group 31) with @« = 8 = 90° in the bulk, and the T’ phase belongs to the monoclinic
spacegroup P2;/m (space group 11) with a small tilt angle 8 = 93.917° and a = 90°, similar to Ref. To meet our definition
of the alattice vector in the main text to be shorter than the b lattice vetor, we rotate the structure by 90°, resulting in o = 86.083°
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FIG. S11. Edge state in tear-and-stack twisted bilayer WTe.. (a) Gradient image of the step edge from the tBL to the underlying WTe, ML
showing the twist angle to be ¢ = 5.5°. The corresponding moiré unit cell length is L = b/¢ = 7.3 nm, in agreement with the moiré period
observed in Fig. 4 of the main text. (b) Tunneling conductance across the ML-tBL junction again showing the presence of an edge state. (c)
Histogram of the tBL step topography (corresponding to (a)) showing an average interlayer distance of 7.45 A.
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FIG. S12. Atomic model of tear-and-stack twisted bilayer WTez. (a) Schematic representation of special stacking arrangements in tBL WTey

(only considering the W atoms), as well as as-grown bilayer WTes as reference. (b) Moiré pattern formed (¢ = 5.5°) with the high symmetry
points and local stacking arrangements designated.

Structure Spacegroup

Monolayer T’ P2:/m (11)

AA-stacked bilayer T P2:/m (11)
As-grown bilayer T’ Pm (6)
Monolayer Tq4 Pm (6)
AA-stacked bilayer T;  Pm (6)
As-grown bilayer Tq Pm (6)

TABLE S1. Crystal structures and corresponding space groups (space group numbers in parentheses) of the studied WTe> configurations in
T4 and T” phases

and 8 = 90° in the T’ phase. A vacuum gap of 40 A was applied to all the configurations. For bilayer configurations, we
consider the as-grown bilayer as well as 0° bilayer for both, T4 and T’ structures. A summary of the structural symmetries for
the monolayer and bilayer with different stacking is shown in table[ST} In addition, for the different stacking in the Tq and T
phase, we vary the interlayer distance in steps of 0.5 A to study its effect on interlayer interaction, charge transfer and topology.
The interlayer distance is defined as the distance between the W atoms in top and bottom layers. Effects of relaxation were not
found to change the topology, which is preserved by the overall symmetry. As such, we only report results for the case where
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FIG. S13. Comparison of tunneling spectra acquired in the different regions of the moiré unit cell of the tear-and-stack sample with monolayer
and trivial bilayer spectrum.

0

R

'}@Q

FIG. S14.  Atomic models of WTe; layers in T phase. Bulk and edge atomic structure for (a) WTez monolayer, (b) as-grown bilayer
(¢ = 180°), and (c) ¢ = 0°. Here the interlayer distance d is defined as the W-W interlayer distance.

internal coordinates are unrelaxed. The topology and edge states were calculated using the WannierTools program based
on projecting a tight-binding Hamiltonian for the low-energy bands around the Fermi-level onto W d orbitals and Te p orbitals
using the Wannier90 package [S12]]. The charge transfer effect was investigated using the Bader analysis [S13]] with the charge
difference P = Ptotal = Ptop - Pbottom-

The effect of charge transfer is calculated to be strongest in the as-grown Ty bilayer. The charge transfer in tBL T, is smaller
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FIG. S15. Atomic models of WTes layers in T4 phase. Bulk and edge atomic structure for (a) WTe2 monolayer, (b) as-grown bilayer
(¢ = 180°), and (c) ¢ = 0° (AA-stacking). Here the interlayer distance d is defined as the W-W interlayer distance.
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FIG. S16. Bulk band-structure, edge spectral-functions and Wannier charge center of monolayer WTes in T and T, phases. (a) Bulk band
structure of T” with projected atomic weights of W’s d and Te’s p, (b) show the spectral function of (010) edges, (c) Wannier charge center of
T’ phase indicating a Z2 = 1, (d) Bulk band structure of T4 with projected atomic weights of W’s d and Te’s p, (e) show the spectral function
of (010) edges, (f) Wannier charge center of T4 phase indicating a Zs = 1.
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FIG. S17. Edge states along (010) direction in as-grown bilayer T4 phase at different interlayer distance. (a) d = 6.5 A, (0)d=6754, (c)d
=70A,(d)d=7254,()d=75A,(f)d=775A,(g)d=8.0A.
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FIG. S18. Edge states along (010) direction in tbL (¢ = 0°) in T4 phase at different interlayer distance. (a) d = 6.5 A, (0)d=6754A,(c)d=
70A,(d)d=725A,()d=75A,)d=7754A, (g)d=8.0 A.

than in the corresponding T” tBL bilayer. In AA-stacked T’ tBL, the charge transfer effect is completely absent. In the as-grown
T’ bilayers, there is a strong charge transfer between the layers, due to the lack of inversion symmetry, resulting in a polar metal.
This is in stark contrast to the AA-stacking where the inversion symmetry is preserved, indicating weak coupling between the
layers. In the T phase, a charge transfer is present in both of the AA and as-grown bilayer due to their common lack of inversion
symmetry, which also indicates the existence of the polar metal state in these configuration. However, in the as-grown T bilayer
a much stronger charge transfer effect is observed, indicating strong coupling between the layers. In contrast, the ¢ = 0°
stacking results in a significantly smaller charge transfer, thus suggesting a weaker interlayer coupling.
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FIG. S19. Edge states along (010) direction in as-grown bilayer T~ phase at different interlayer distance. (a) d = 6.5 A, (0)d=6.754, (c)d=
70A, (d)d=725A,()d=75A,(Fd=775A, (g)d=8.0A.
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FIG. S20. Edge states along (010) direction in ¢ = 0° in T” phase at different interlayer distance. (a) d = 6.5 A, (b)d=6.754A,(c)d=7.0A,
(d)d=7254,()d=75A, " d=7754A, (g)d=8.0A.

Based on our calculation, ML WTe, in the T; and T’ phase are topologically non-trivial with Zy = 1 even though they belong
to different symmetry classes (table[ST). As aresult, they both exhibit a topological edge state when cutting along the b-axis (Fig.
[S16). Based on our DFT calculations, the edge states for, both, monolayer Tq and T" are mostly located in the valence bands,
similar to previous theoretical study of the edge state in 1T” monolayers [S14]]. In addition, the prediction of the non-trivial
Z3 = 1 in ML WTe; in the T4 phase is also consistent with recent model Hamiltonian prediction [ST3].

For the bilayer configurations in the T4 and T phases, we find the stacking geometry and interlayer distance to be important
factors to determine the topology and charge transfer between the layers. In the T4 phase, the topology of the as-grown bilayer
undergoes a transition from a Zy = 1 to Zy = 0 when we change the layer distances from being far apart to being extremely close
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FIG. S21. Charge transfer in T4 bilayers. (a) as-grown bilayer charge difference, (b) amount of charge transfer of the individual layers in
as-grown bilayer. (c) ¢ = 0° bilayer charge difference, (d) amount of charge transfer of the individual layers for ¢ = 0° bilayer. The charge
transfer is calculated as p = protal - Prop - Phottom- Lhe charge being transferred is calculated as the sum of the charge different for the top
layer and bottom layer.

together (Fig. [ST7). In contrast, in the AA-stacked T, bilayer Z, = 0 globally regardless of the interlayer distance. Nevertheless,
the electronic structure of the edge states varies significantly as function of interlayer distance. As shown in Fig. [ST7} the edge
state in the as-grown T, bilayer forms a single band when the layers are close, which transition to two edge bands at a critical
interlayer distance of 7.0 A. This is in agreement with the observed topological transition. The position of the two edge states
remains largely unchanged above the critical interlayer distance of 7.0 A. In the AA-stacked Ty bilayers, the global Z, invariant
is equal to zero, but the two edges show a strong hybridization as the layers move further apart[SI8] In addition, because of the
inversion symmetry breaking in both stacking configurations in the T4 phase (table[ST)), the charge transfer effect is predicted to
exist in the as-grown and AA-stacking, however the strength of this effect is shown to be reduced in the AA-stacking (Fig. [S21)).

In the T’ phase, the inversion symmetry is preserved in the AA-stacking, thus a charge transfer only occurs in the as-grown
bilayer (Fig. [S22). In addition, even though there is no topological transition happening in the as-grown T" bilayer as function
of interlayer distance, the edge states also exhibit similar behavior as the T, phase when the two layers are further apart.
Specifically, in the AA-stacking, the two layers’ edge states hybridize (Fig. [S20) as the two layers are further apart while the
edge states in the as-grown bilayer are largely unaffected with respect to the different interlayer distance.

In our experiments, even though we can not distinguish between the T; and T phases for the different bilayers, our DFT
calculations suggest that only the stacking geometry and the interlayer distance are important in determining the topology and
the charge transfer. Specifically, the AA-stacking in both of the T4 and T’ phase shows a significantly reduced charge transfer
effect in comparison to the as-grown bilayers, thus suggesting a less metallic behavior in the AA-stacking bilayers compared to
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FIG. S22. Charge transfer in T’ bilayer. (a) as-grown bilayer charge difference, (b) amount of charge transfer of the individual layers in
as-grown bilayer. (c) ¢ = 0° bilayer charge difference, (d) vanishing charge transfer in ¢ = 0° bilayer due to the preserved symmetry.

the as-grown structures regardless of the crystal symmetries. This DFT prediction is consistent with the experimental observation
of an overall smaller dI/dV signal in the twisted bilayer compared to the as-grown bilayer (compare Fig. 2 and 4 of the main
text). In addition, the charge transfer for the AA-stacking is shown to be diminished significantly in our DFT calculation in both
of the Ty and T” phases. Experimentally, we observe the interlayer distance in the twisted BL to be larger than for the as-grown
BL which supports the absence of a significant charge transfer in the measured tBL.

In addition to the reduced charge transfer in the AA-stacking, our DFT calculations also predict a strong hybridization between
the edge states on the individual layers when the interlayer separation distance is large in the AA-configuration for both T; and
T’ phases. As a result, since the interlayer distance is large for the tBL as measured in our experiments, the QSH edge-states
can appear as the sum over the two layers as shown in Fig. [ST8and Fig. [S20]. Specifically, the overall topology of the tBL can
be considered as a system of two stacked strong Z, topological insulators due to the weak interlayer coupling, resulting from
a large interlayer distance and twist angle rotation. Consequently, such a system can posses a unique four-fold Dirac point due
to the overlapping of the individual Dirac points located on the two different layers (Fig. [SI8|and Fig. [S20). As a result, in
scanning tunneling experiments of tBL’s (with small rotational misalignement) the edge states are expected to be similar to that
of the ML in agreement with Figs. 2e and f in the main text.
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